INTRODUCTION
APART from man, the blood groups of cattle are better known than those of any other organism. At least 12 different systems of red cell antigens are known and in the last decade 13 enzyme and other protein polymorphisms have been detected in blood and milk (see Cohen, 1962; Kiddy, 1964; Matousek, 1965; Grosclaude, 1967) . The principal impetus for this effort has been utilitarian, the use of blood groups to resolve cases of doubtful parentage. The known variability of cattle red cell antigens is very great, greater than that of man; to encounter two animals with the same blood type is very unlikely and so many breed societies and artificial insemination organisations make blood typing a requirement of registration, particularly for the top strata of breeding bulls. The hope that something of importance might be discovered about the productive capacity of the animal has acted as an extra incentive (reviewed by Maij ala, 1966) . In the United States, laboratories for blood typing service and research have been in operation since about 1950 and in Scandinavia since 1954. Elsewhere the expansion has been very great in recent years.
In the course of their operation over a period of years, cattle blood group laboratories compile considerable genetic data. Such data have frequently been used to study the population genetics of cattle, which is becoming increasingly well described. But hitherto comparatively little effort has been made to use these segregation data to study the selective forces affecting the polymorphisms. One reason for this neglect is that much of the reliable family data obtained by blood group laboratories is not complete. The sire and offspring, or the dam and offspring, may be typed, but less commonly all three.
Geneticists are accustomed to dealing with complete family data (C.F.D.) and with population data (P.D.), but they have seldom used incomplete family data (I. such heterogeneity may be sufficient to render the Hardy-Weinberg expectations invalid (Robertson, 1965) and so investigation of the question is necessary. In this paper, we will show that I.F.D. allow detection of heterogeneity of gene frequency and the effect of selection in such a way that the two can be distinguished. Data from the FV and Z blood group systems and the transferrin system will be examined. We hope to provide an example which other blood group laboratories will follow by analysing their data. In order to assess our own results we have reviewed previously published family and population data. There exists a fairly large amount of data for the transferrin system. Our examination of these data has allowed us to make a critical re-appraisal of Ashton's (1965) argument that this polymorphism may be a balanced one.
MATERIAL
The study will be based on (1) information in numerous publications and (2) on data accumulated in our laboratory during the last decade. Our own data comprised 2897 registered bulls of the Swedish Red and White breed (SRB), which had been tested against 38-45 blood typing reagents detecting red cell antigens in 9 genetic systems. The sample included all SRB bulls used in artificial insemination or sold at the official breed sales during the period 1955-65. In addition it included stud bulls in a number of bull-breeding herds. The sample is representative of the top strata of the breed. The age at testing varied considerably. When the test for red cell antigens was first introduced in 1955, all available Ad. bulls were tested and so the sample includes 138 bulls born as early as in the period 1940-49. The bulls born after 1953 were usually tested when 12-24 months old, though in recent years there has been a tendency towards a decrease in age as the A.I. centres tend to buy their bulls as calves. The vast majority of the bulls have for some period of time been used for artificial or natural service.
As in most populations of breeding bulls this sample included animals of various degrees of relationship. The bulls were the progeny of a total of 707 sires, of which 330 were included in the red cell antigen tested sample. These 330 sires had a total of 1953 offspring in the sample. Their number of offspring varied from 1 to 67 with an average of 59 and a median of 13. In 1959 transferrin testing was initiated. Transferrin type was available on 1685 animals, and of these 597 had also a transferrin tested sire. The larger part of the transferrin testing was carried out by Dr B. Gahne in our laboratory. The tests for red cell antigens were carried out as described by Rendel (1958) and the transferrin typing as given by Gahne (1961) .
HETEROGENEITY OF GENE FREQUENCY IN CATTLE POPULATIONS: METHODS FOR ITS DETECTION
Heterogeneity of gene frequency arises because of the limited number of male parents in any one generation and the consequent rather large random changes in gene frequency which can occur from generation to generation. Most breeds tend to be broken up into subpopulations between which there is restricted genetic exchange and so rather rapid genetic drift occurs. Examples of this phenomenon have been given for blood group data for Swedish (Rendel, 1958 (Rendel, , 1963 , Danish (Neimann-Sørensen, 1958) , and Dutch cattle (Bouw, 1960) , for transferrins in British cattle (Jamieson, 1966) and milk proteins in Swedish cattle (Sandberg, 1967) . There may be two effects upon the Hardy-Weinberg expectations depending upon th... mating practices within the breed:
I. The Wahiund effect. Wahiund (1928) first showed that if a population is subdivided into different subpopulations with differing gene frequencies, the expectations for the proportions of genotypes in the whole population are no longer given by the Hardy-Weinberg expectations. Instead, for the two-allele case, the two homozygous classes are each increased by a proportion equal to the variance in gene frequency between subpopulations and the heterozygous class is decreased by a proportion equal to twice that amount. Jamieson (1966) has found this effect in British Friesians.
2. The Robertson effect. Robertson (1965) has called attention to another possibility. In a single herd, the limited number of bulls make it likely that large random differences in gene frequency between bulls and cows can occur. Robertson shows that the number of heterozygotes will be increased over Hardy-Weinberg expectations by a proportion equal to 1/8 M, where M is the number of sires. Thus, if an attempt is made to circumvent Wahlund's effect by analysing data within herds, Robertson's effect may be encountered. Robertson himself only considered the possibility of sex differences within herds. The same effect could be obtained when the bulls used in a breed come from one particular section of the breed, whose gene frequency differs from that of most other parts of the breed.
The existence of these two effects places the cattle geneticist in a predicament. Usually there will not be enough ancillary information to judge the importance of the two effects. Here V is the variance in gene frequency between any subpopulations and X is the third moment of p2 about p. Note that both V and X are characteristics of the population and not of any sample from it; V is not the sampling variance but it is a measure of the degree of heterogeneity of the gene frequency. The observed numbers are indicated by 0 and an appropriate subscript, for example °12.1 designates the observed number A1A1 progeny from A1A2 parents.
Assuming that V = X = 0, it is possible to obtain four observed ratios from From table 2 it can be seen that the above tests will show if there are:
(1) differences in viability between genotypes;
(2) heterogeneity of gene frequency in the population (Wahlund's effect); (3) sex differences in gene frequency (Robertson's effect) . In general, the action of the three causes can be separately detected by the pattern of results obtained by testing with x2 and the direction of any significant departures from expectation.
For a locus with more than two alleles, separate analyses can be made such that the presence versus absence of each allele is considered.
Also, if AJ represents any other alleles besides A1 and A2, the frequencies of A1A1: A1A2: A2A2: A1A: A2A3 amongst the progeny of A1A2 parents are p1 : (P1 +p2) :p2 :p : P1 respectively. Hence (A1A1 + A2A2) :A1A2 and A1A1 :A2A3 are both equal to 1:1.
In addition to carrying out these tests based upon I.F.D., heterogeneity of the gene frequencies between years was also tested in our data, and so was the HardyWeinberg equilibrium within years.
RESULTS

Analyses of published segregation and population data
The FV and Z systems. Stormont (1952) and Neimann-Sørensen (1958) presented segregation data for 341 and 225 matings respectively in the FV system and 722 and 357 matings respectively in the Z system, where at least one of the parents was of the heterozygous type (F/V or Z/-). The distribution of the offspring was very close to expectation. The ratio between homozygotes and heterozygotes was 280:286 for the FV and 532:547 for the Z system. No details of sex of parent were given for the matings. The effects, if any, of heterozygous superiority and maternal-foetal antigenic incompatability tending to eliminate heterozygotes could not therefore be separated.
A relatively large number of breeds have now been tested for the agreement with the Hardy-Weinberg expectations with regard to the distribution of the genotypes in the FV and Z systems.
The results from studies of breed samples in which more than 250 cattle were typed are summarised in table 3. Two of the 16 populations deviated significantly from equilibrium with regard to the FV system. However, the sum of 2 for all the samples was not significant and there was no trend towards an excess or deficiency of heterozygotes. The results for the Z system were somewhat different. Agreement with Hardy-Weinberg expectation was tested for both the FV and Z systems in 7 samples and in all but one of these X2z was higher than X2Fv• In 9 of the total of 11 Z comparisons therewas an excess of heterozygotes, even though only one was so large that the distribution deviated significantly from equilibrium. The sum of x2 for all the samples was highly significant. The overall result of the population studies for the Z system indicates the possibility of extra fitness of the heterozygote or a systematic misclassification of a certain proportion of the Z/Z homo-
The transferrins. The amount of published segregation data for the cattle transferrins is remarkably large. Ashton (1959) presented results which indicated that the survival of the calf foetus might be influenced by the transferrin types of the dam and its foetus. These results have evidently stimulated compilation of large bodies of segregation data. Ashton (1965) summarised the results of studies published before 1965 and postulated the following effects of transferrins on fitness: (1) superiority of heterozygotes in utero, (2) maternal-foetal incompatibility, (3) differential fertility of heterozygous and homozygous bulls and (4) differential fertility of heterozygous and homozygous cows. It was further suggested that the superiority of the heterozygotes in utero may be sufficient to produce a balanced D2 ' Ashton = 47; 1 d.f.; P = 002-005.
x2 Grand total = 01; 1 d.f.; P = 07-08.
x' Heterogeneity, Ashton-Total= 94; 1 d.f.; P = 0001-001.
polymorphism for the transferrins. The postulates (I) and (2) will be dealt with in this section. Heterogeneity between laboratories, segregation for mating (1) x2 = 39; 6 d.f.; P = 05-07.
Heterogeneity between laboratories, segregation for mating (2) x2
84; 6 d.f.; P = 02-03. Heterogeneity between total (1) and total (2) x2 = 24; 1 d.f.; P = 0l-02. Deviation from 1:1 in total (2) x2 = 55; 1 d.f.; P = 00l-002.
several species. The term incompatibility implies some immunological mechanism for which there is so far no evidence with regard to the transferrins. Therefore the more neutral term unlike-homozygous-mother or "UHM effect" will be used here.
Segregation ratios for transferring are now available in a number of publications in addition to those reviewed by Ashton (1965) . The results of these additional matings involving heterozygous dams are presented in table 4. The matings for which an UHM effect is possible are summarised in table 5. As seen from table 4, Ashton's postulate of a superiority of the heterozygote in utero could not be verified here. There was a significant The agreement of the transferrin type distribution with the HardyWeinberg expectations has been investigated in numerous populations. Table 7 summarises the results obtained in 17 breed samples with at least 300 tested animals. The deviation from genetic equilibrium was significant in 4 of the samples. In one there was a significant excess of heterozygotes and in the remaining there was a surplus of homozygotes. The total number of homozygotes was slightly higher than the expected number summed over all breeds. Ashton and Fallon (1962) , who compared the observed and expected frequency of transferrin heterozygotes in several populations, two of which are included in our table 7, found an excess of about 6 per cent. of heterozygotes. Ashton (1965) compared the number of observed and expected heterozygotes for transferrins and postalbumins in 6 small African breed samples and in 4 small Australian samples. There was an overall excess of 55 per cent. heterozygotes for transferrins and 2'5 per cent. heterozygotes for the postalbumins. Ashton apparently regards the slightly higher excess of heterozygotes in the transferrin system as evidence for a selective advantage of transferrin heterozygotes. The strength of such evidence is difficult to assess because no statistical test was provided to measure the significance of he difference.
RESULTS FROM INCOMPLETE FAMILY DATA (I.F.D.) AND OUR OWN POPULATION STUDIES
In tables 8 and 9 the I.F.D. for the FV, Z and transferrin systems are given. All our own data relate to male parents and their male offspring. The transferrin tested sample from this laboratory is rather small. Table 9 also includes a larger body of data published by Brummerstedt-Hansen et al. (1963) but not analysed by them. These data were derived from male parents and their female offspring. The offspring were all pure bred; 63 per cent. belonged to the Red Danish (RDM), 24 per cent. to the Danish Friesian (SDM) and 13 per cent, to the Danish Jersey breed.
In table 10 the data in tables 8 and 9 are tested for agreement with the expected 1 :1 ratios. There are no significant departures and so no indication of any differences in viability.
In table 11 data are presented on the genotypic numbers for the total population of bulls born in 1940-66 and tested in this laboratory. The distributions are in good agreement with the Hardy-Weinberg expectations.
The female gametic gene ratios (cf. table 2) are tested for heterogeneity in table 12. For the FV and Z systems there are no significant departures, so there is no indication of viability differences between genotypic classes or any suggestion of heterogeneity of gene frequencies in the population. However, when one turns to the figures in table 13 there is an apparent contradiction. There is significant temporal heterogeneity of gene frequency both for the FV system and the TfD and TJE alleles in the transferrin system. For the FV system this heterogeneity is partly ascribable to the trend in gene frequency. The difference between the average gene frequencies for 1940-58 and 1959-66 is highly significant. For TfE the difference between these two periods is just significant but for TfD most of the heterogeneity is not due to any trend. The heterogeneity of gene frequency in the transferrin system is reflected by a highly significant heterogeneity of female gametic gene ratios for Tf (x2 = 275; table 12). The sires which carried the TfD gene were mated to females where the gametic output of the if D and (Tf A + Tf R) occurred in a ratio of approximately 1 :2 while the corresponding ratio for the mates of the sires lacking the TfD gene was 1:5. There was evidently a stratification of the breed with regard to the occurrence of the TfD gene. Tests were also performed for each single year or in case of small numbers on pooled data from adjacent years. In one single case only a significant for agreement within years was non-significant (table 13) . The female gametic gene ratios for the transferrin system in the data of Brummerstedt-Hansen et al. are also tested for heterogeneity in table 12. The ratios for TJ'E show highly significant heterogeneity, TfD is not significantly heterogenous, but the value of x2 is quite large (x = 542; = 0.05-0.10) and Yf A is not heterogenous at all. The results are rather to be expected from the breed composition of the sample. The RDM, Tf "ersus its absence, etc. (Miller, 1966) . These data stem from a small closed herd and so the most probable explanation is the Robertson effect. Selection for heterozygotes or misclassification of Z/Z as Z/-are possible, since Z/Z is recognised by a dosage reagent. The latter seems unlikely but the possibility of selection for heterozygotes should be entertained a little further. Of the 11 samples for Z, 9 show an excess of heterozygotes. However, the I.F.D. 1:1 ratio does not.
Despite the fact that the FV and Z systems have been known for a decade longer than the transferrin polymorphism there exists a great deal more published family data for the latter. Much data for FV and Z probably remain unexamined in blood group laboratories. As a result of Ashton's proposals (see Ashton, 1965 is not so. There is close agreement with expectation. This is also mainly true of the population data except for one population where there is a clear excess of heterozygotes and another two where there are deficiencies. These latter are probably due to variance in gene frequency between subpopulation, Wahlund's effect. This effect will cause an apparent deficiency of the number of heterozygotes, tending to nullify the effect of any selective advantage for heterozygotes, so that the population data are not very critical. Above we have recommended the use of I.F.D. to separate Wahlund's effect and the effect of selection. However, in this case the combination of the existence of the UHM effect and the fact that cattle I.F.D. are in the form of sire groups makes the interpretation of the results for I.F.D. difficult. For the expected 1:1 ratio of heterozygotes to corresponding homozygotes, the UHM effect will produce a deficiency of heterozygotes from male parents. That it does not do so in this case (table 10) could be taken as evidence of selective advantage for the heterozygotes but it is more likely to be due to the relatively small magnitude of the UHM effect and the small numbers contributing to the observed ratio. Considering the entirety of the data, it is clear that any viability advantage for the heterozygotes must be a small one, if it exists at all. As already pointed out, Ashton has postulated some rather complicated associations between transferrin type and fertility. Ashton's argument for the existence of these associations must be discussed since they make the assumption that there is no heterogeneity of gene frequency in his populations. Ashton found a slight excess of transferrin homozygotes among bulls standing at A.I. centres, which was taken as evidence for higher fertility of homozygotes. However, the possibility should not be overlooked that the departures from HardyWeinberg equilibrium might have been due to Wahlund's effect, particularly as no data were given for bulls which were rejected by the A.I. service. In at least one of the breeds concerned, the British Friesian, Wahlund's effect has been found to operate (Jamieson, 1966) . Similar observations apply to Ashton's data associating various parameters of fertility and transferrin type (table 6; Ashton, 1965) . The data do not allow spurious associations between fertility and transferrin type to be excluded. In a recent study Gahne (1968) found no indication whatsoever of an effect of transferrin type on fertility. Ashton placed considerable weight upon differences which are quite non-significant. For example, his assertion that homozygous cows are more fertile appears to be based upon a difference giving a x2 of 1 58. The only effect of the transferrins for which the evidence is good is the unlike homozygous mother effect in A/A and DID mothers and this makes the transferrin polymorphism seem more like an unstable one. The analogy of the Rh system is obvious.
In our own data there was temporal heterogeneity of the gene frequency for the FV and transferrin systems. For FV this was partly the result of a trend in gene frequency with time but for transferrin no strong trend was evident. A great deal of this heterogeneity would disappear if allowance were made for the degree of relatedness in the population. Pooling data from different years with differing gene frequencies is equivalent to pooling data from different populations and so should lead to Wahlund's effect. In fact, it did not. For the FV system which had the largest heterogeneity, x2' the variance in gene frequency between years was 0 00l7. (This estimate was based on the gene frequencies for the single years except for 1940-44, 1945-49 and 1965-66 where poolings were made. The difference in numbers per year was ignored.) Thus the Hardy-Weinberg expectations for the FV system (table 11) need only be modified by adding 000l7 x2897 = 4•91 to the two homozygous classes and subtracting twice that from the heterozygous class, a modification which is insignificant. In both our own data and those of Brummerstedt-Hansen et al. there was a significant heterogeneity of the female gametic gene ratios for transferrins. In the latter sample heterogeneity would be expected on the basis of the gene frequencies in the three breeds of which the sample was composed. The heterogeneity in our own data suggests a stratification of the SRB breed with regard to the distribution of transferrin genes. It is interesting that despite the large values of x2 for heterogeneity of female gametic transferrin gene ratios in the two samples, there were no significant departures from the Hardy-Weinberg expectation in either case. The customary test for agreement with the Hardy-Weinberg distribution is evidently rather inefficient in detecting stratification of breeding populations.
Finally we may note that in our analysis the rarer genes (Tf D in the SRB and TJE in the Danish cattle) showed heterogeneity in the I.F.D. whereas the other more common ones did not. The reason for this can be found in table 1. Heterogeneity of gene frequency causes a much greater relative alteration to the expected values of the less frequent phenotypic classes than to those of the more frequent. That is, the effect of heterogeneity of gene frequency upon blood type frequencies in cattle populations is very similar to the effect of inbreeding upon the frequency of rare recessive phenotypes in man.
7. SUMMARY 1. Cattle blood group laboratories tend to accumulate data on the blood types of one parent and a number of its progeny, e.g. when a sire and his sons are typed for registration purposes. Such data are referred to as in- 5. There is no evidence for selection at the FV and Z loci. 6. Published C.F.D. for the Tf locus agree with a previous suggestion that TfATJD () x TfDTfD () matings tend to give more TJDTfD offspring than expected. There is, however, no convincing evidence for a superior selective advantage for heterozygotes at the cattle Tf locus. 7. Heterogeneity of the frequency of TfD was found in the I.F.D. for the SRB and for TfE in data from a mixture of Danish breeds. This heterogeneity was not detected in the P.D., which suggests that I.F.D. are more sensitive to such heterogeneity.
Examination of the gene frequencies in bulls in different years
showed significant heterogeneity for gene frequency between years for the FV and Tf systems. For FV there was a gene frequency trend with time.
